The present study evaluated anxiolytic activity of (+)-limonene epoxide (EL), through the marble burying test (MBT) assay, and the antioxidant potential in vitro and in vivo in mice hippocampus of adult mice subjected to experimental anxiety protocol. For behavioral studies, and in vivo antioxidant analyses, mice were treated orally with 0.05% Tween 80 dissolved in 0.9% saline solution (vehicle), ascorbic acid 250 mg/kg, diazepam (2 mg/kg) and EL (25, 50 and 75 mg/kg). Results suggest an anxiolytic effect of (+)-limonene epoxide. A reduction in number of buried marbles in groups treated with EL doses of 25, 50 and 75 mg/kg was observed when compared with diazepam and vehicle groups. This reduction was observed after treatments with single and repeated doses, reinforcing the hypothesis of anxiolytic effect. The anxiolytic effect was reversed by pretreatment with flumazenil (25 mg/kg, o.r) in the same way as it was observed with diazepam (2 mg/kg, o.r, positive control), suggesting that these drugs possess a similar mechanism of action. In antioxidant tests in vitro, the concentrations from 0.9 to 7.2 μg/ml were tested. The results of in vitro antioxidant tests demonstrated a 50% inhibitory effective concentration of 0.7342, 1.296 and 1.169 μg/ml against the formation of nitrite ion, hydroxyl radical and reactive substances to thiobarbituric acid, respectively. The treatment with EL reduced the lipid peroxidation level and nitrite content, suggesting an antioxidant role in vivo since it was able to reduce the formation of reactive species derived from oxygen and nitrogen. Furthermore, the EL increased activity of enzymes catalase and superoxide dismutase in mice hippocampus, suggesting that their role may be due to antioxidant upregulation of these enzymes.
Introduction
Oxidation is a metabolic process that leads to production of energy required for the essential activities of cells. However, the oxygen metabolism in living cells also leads to production of radicals known as oxidants, which are compounds produced by normal body metabolism and, if it is not controlled, it can cause extensive damage. In this regard, antioxidants are substances that retard the rate of oxidation through one or more mechanisms, such as inhibition of free radicals and metal complexation (Peker et al., 2009; Cho et al., 2011; Slyvka et al., 2011) .
Substances with this feature can protect cells against the damaging effects caused by the so-called free radicals, the reactive oxygen species (ROS), such as singlet oxygen, superoxide peroxyl radicals, and hydroxyl, as well as reactive nitrogen species (RNS). The imbalance between the formation and removal of these substances in the body can be due to a decrease in endogenous antioxidants due to a lesser formation, higher consumption, or increased generation of free radicals, generating a pro-oxidant state called oxidative stress (Haida et al., 2011) .
Oxidative stress is a cellular or physiological condition of high concentration of ROS, that causes molecular damage to cellular structures, which has been correlated with onset and progression of many degenerative diseases by means of DNA mutations, protein oxidation and lipid peroxidation with consequent functional changes and loss of vital functions in various tissues or organs (Valko et al., 2007; Verma et al., 2010) . However, the deleterious effects of oxidative stress can vary considerably from one entity to another, according to the age, physiological state and diet (Nogueira Neto et al., 2013) and are still associated with the development of many chronic diseases, such as cancer, heart disease, degenerative diseases, Alzheimer's and Parkinson's as well as can be involved in aging process (Ko et al., 2010) , mental disorders (Dean et al., 2009; Salustri et al., 2010) , arthritis, chronic inflammation, decrease the function of immune system (Pande and Akoh, 2009) , cirrhosis, fibrosis and atherosclerosis (Roesler et al., 2007) .
Oxidative stress can be considered a constant threat to the organism, since a number of antioxidant defenses and repair systems in cells evolved with the function of protection against destruction and damage caused by free radicals. Thus, the superoxide dismutase (SOD) may be cited, along with catalase and glutathione peroxidase, that promote the detoxification of superoxide radicals, hydrogen peroxide and lipid hydroperoxides, respectively (Pereira et al., 2009) .
Some studies have demonstrated the role of oxidative stress in anxiety of rodents (Oliveira et al., 2007; Masood et al., 2008; Salim et al., 2011) . Masood et al. (2008) reported that the induction of oxidative stress in mice hypothalamus occurs in parallel with anxiety. The consumption of diets with high levels of sucrose was reported to increase the oxidation of proteins in frontal cortex and to cause anxiety in rats. Increased anxiety has been positively correlated with the increase of ROS levels. In another study, oxidative stress in hippocampus of adult rats was reported to be anxiogenic Bouayed et al., 2007) . Interestingly, the induction of oxidative stress by a nonpharmacological method also leads to anxiety like behavior in rats .
The objective of this study was to evaluate and to establish the mechanism of action anxiolytic (+)-limonene epoxide (EL) through the marble burying test assay (MBT), as well as to investigate the levels of oxidative stress markers and antioxidant enzyme activity in the hippocampus of mice submitted to MTB protocol.
Material and methods

Preparation of (+)-limonene epoxide
In a 250 ml flask containing a solution of (R)-(+)-limonene (1.0 g, 7.35 mmol) in CH 2 Cl 2 (40 ml), a solution of metachloroperoxybenzoic acid (m-CPBA) (70% 1.817 g, 7.35 mmol) in dry CH 2 Cl 2 (40 ml) was added slowly and kept at 0°C (ice bath). The reaction medium was maintained under stirring for a further 4 hour period at the same temperature. After this time, it was removed from the ice bath and added to the reaction mixture with four 50 ml portions of aqueous 10% NaHSO 3 . The aqueous phase was extracted with two 50 ml portions of CH 2 Cl 2 and the combined organic phases were washed with a 5% NaHCO 3 solution (2 portions of 50 ml) and dried with anhydrous Na 2 SO 4 . Then, the solvent was concentrated on a rotary evaporator. The product was purified by column chromatography on silica gel being used as eluent, a mixture of hexane and ethyl acetate (9:1). (+)-Limonene epoxide was obtained with 48.30% (3.55 mmol) yield.
(+)-Limonene epoxide ( Fig. 1 ) is a cyclic monoterpene that containing an epoxide ring. It has molecular formula C 10 H 16 O, molar volume of 156.5 ± 3.0 cm 3 , refractive index of 1.490 ± 0.02, surface tension of 31.0 ± 3.0 dyn/cm and density of 0.972 ± 0.06 g/cm 3 .
2.2. Evaluation of (+)-limonene epoxide in vitro potential against production of nitrite ion (NO 2 − ) Nitric oxide was generated from the spontaneous decomposition of sodium nitroprusside in 20 mM phosphate buffer (pH 7.4). Once generated, NO interacts with oxygen to produce nitrite ions, which were measured using the Griess reaction (Ferreira et al., 2008) . The reaction mixture (1 ml) containing 10 mM sodium nitroprusside (SNP) in phosphate buffer and compound evaluated at concentrations of 0.9, 1.8, 3.6, 5.4 and 7.2 μg/ml concentrations was incubated at 37°C for 1 h. A 0.5 ml aliquot was taken and homogenized with 0.5 ml Griess reagent.
The absorbance of the chromophore formed was measured at 540 nm. The extent to which the nitric oxide generated was inhibited was measured by comparing the absorbance values of negative controls (only 10 mM sodium nitroprusside and vehicle) and assay preparations. Results were expressed as percentages of nitrite formed by SNP alone.
2.3. Evaluation of (+)-limonene epoxide in vitro potential against production of hydroxyl radical (OH
Production of hydroxyl radical (OH • ) was quantified by Fenton reaction. During this reaction, the in vitro effect of (+)-limonene epoxide (EL) against the production of OH • , produced by the oxidative degradation of 2-deoxyribose, was determined (Lopes et al., 1999) . The principle of the test is to quantify the degradation product of 2-deoxyribose, malonaldehyde (MDA), by its condensation with thiobarbituric acid (TBA). Briefly, the reactions were initiated by the addition of Fe 2+ (FeSO 4 ) with 6 mmol/l final concentration for solutions containing 2-deoxyribose 5 mmol/l, H 2 O 2 100 mmol/l and phosphate buffer 20 mmol/l (pH 7.2).
Concentrations of 0.9, 1.8, 3.6, 5.4, and 7.2 μg/ml of (+)-limonene epoxide were added to the system before the addition of Fe 2 + in order to determine EL in vitro antioxidant activity against hydroxyl radical formation. The reactions were performed for 15 min at room temperature and they were stopped by the addition of phosphoric acid at 4% (v/v), followed by addition of TBA (1% v/v in NaOH 50 mmol/l). The solutions were heated in a water bath for 15 min at 95°C. The absorbance was measured at 532 nm and results were expressed as equivalents of MDA formed by Fe 2 + and H 2 O 2 .
2.4. Evaluation of (+)-limonene epoxide in vitro potential against production of thiobarbituric acid reactive substances (TBARS)
Determination of thiobarbituric acid reactive species (TBARS) was performed to quantify the lipid peroxidation level (Esterbauer and Cheeseman, 1990) . This method was used to determine the antioxidant capacity of compound (+)-limonene epoxide (EL), using homogenized egg yolk as a lipid rich substrate (Guimarães et al., 2010) . Briefly, egg yolk was homogenized (1% w/v) in 20 mM phosphate buffer (pH 7.4). A volume of 1 ml of this homogenate was homogenized with 0.1 ml of EL, at concentrations of 0.9, 1.8, 3.6, 5.4 and 7.2 μg/ml of EL. Lipid peroxidation was induced by adding 0.1 ml of AAPH (2,2′-azobis-2-amidinopropane, 0.12 mol/l).
Control was carried out only with the vehicle (0.05% Tween 80 dissolved in 0.9% saline solution) used to emulsify the substance that was evaluated. Reactions were performed for 30 min at 37°C. After cooling, samples (0.5 ml) were centrifuged with 0.5 ml of trichloroacetic acid (15%) at 1200 g for 10 min. An aliquot of 0.5 ml of the supernatant was mixed with 0.5 ml of thiobarbituric acid (0.67%) and heated at 95°C for 30 min. After cooling, absorbance of the samples was measured on a spectrophotometer at 532 nm. The results were expressed as the percentage of TBARS was formed by AAPH alone (induced control). 3.2. Treatment of experimental groups to evaluate the anxiolytic effect (+)-Limonene epoxide (EL) was emulsified with 0.05% Tween 80 and dissolved in 0.9% saline solution. The total of thirty-six animals was divided into six experimental groups. The first group was treated with 0.1 ml/10 g vehicle (0.05% Tween 80 in 0.9% saline, o.r, control group, n = 6) daily for 14 days. The second and third groups received daily, during 14 days, ascorbic acid, o.r, (AA group, n = 6) and diazepam, o.r, (DZP group 2 mg/kg, n = 6), respectively. The other three groups were treated daily for 14 days with (+)-limonene epoxide (25, 50 and 75 mg/kg, o.r; groups EL25, EL50 and EL75, respectively, n = 6). All groups were observed for 14 days. After the behavioral and pharmacological studies, the animals were euthanized for removal of brain and the hippocampus dissected to prepare a 10% homogenates for realization of neurochemical studies (determination of lipid peroxidation levels, nitrite content and antioxidant enzymes superoxide dismutase and catalase).
Evaluation of anxiolytic action: the marble burying test (MBT) assay
The marble burying test (MTB) assay was described previously in rats by Poling et al. (1981) , but also has good results reproduced in mice (Badgujar and Surana, 2010) , whereas mice exhibit burying behavior in the presence of aversive stimuli as a source shock, harmful food or inanimate objects.
The animals pretreated daily for 14 days with DZP and EL, o.r, following the experimental protocol, were assessed at 30 min after the first dose and at 30 min after the last dose, after 14 consecutive days of treatment. Mice were placed individually in transparent acrylic box containing 25 glass beads distributed over the sawdust. After the 30 min period, each animal was removed from the box.
Subsequently, the number of buried glass beads in sawdust was recorded (Lapa et al., 2008) . After testing each animal, the exchange of sawdust was performed, and the glass beads were cleaned with 10% ethanol solution and dried with towel paper. Studies have demonstrated the role of oxidative stress in anxiety of rodents (Oliveira et al., 2007; Masood et al., 2008; Salim et al., 2011) . The EL groups, vehicle, and control were evaluated through the marble burying test. Then, according to the behavioral protocols, the animals were euthanized for removal of the brain and dissection of hippocampus for evaluation of oxidative stress in animals subjected to experimental protocol anxiety.
To clarify the mechanism of action of anxiolytic (+)-limonene epoxide, a total of thirty mice, which were divided into five groups of six mice, were used. The first group was treated daily for 14 days with vehicle and, after 30 min, they were treated o.r with flumazenil (5 mg/kg, n = 6). The second group was pretreated with flumazenil (5 mg/kg) o.r daily for 14 days and after 30 min received diazepam (DZP group 2 mg/kg, n = 6, o.r) daily for 14 days.
The other three groups were pre-treated daily for 14 days (o.r) with flumazenil (5 mg/kg) and after 30 min were treated with the doses of (+)-limonene epoxide (25, 50 and 75 mg/kg, o.r; groups EL25, EL50 and EL75, respectively, n = 6), and also daily for 14 days. All groups were observed for 14 days. Behavioral tests were performed 30 min after the last administration of drug on the first day and after 14 days of treatment to verify that anxiolytic effect remained locked or not by flumazenil, in order to verify the involvement of GABAergic system in mechanism of action anxiolytic of is monoterpene.
Method for determining the content of thiobarbituric acid reactive substances (TBARS)
The extent of lipid peroxidation was measured by determining the TBARS level, a method previously described by Draper and Hadley (1990) . Thus, a homogenate was prepared with 10% (w/v) in sodium phosphate buffer 50 mmol/l (pH 7.4) with hippocampal areas of all groups, vehicle (n = 8), AA (n = 8) EL 25, 50 and 75 (n = 8) to which was added 1 ml of 10% trichloroacetic acid in 1 ml of 0.67% thiobarbituric acid and then the mixture was stirred. Subsequently, this mixture was kept in a boiling water bath for 15 min, and then cooled in water. After cooling, it was added with 2 ml of n-butanol and then stirred for 1 min. After stirring the mixture was centrifuged at 1200 rpm for 5 min.
The pink color butanol phase was taken to a spectrophotometer at 535 nm. The results were expressed as nmol of malondialdehyde per gram of tissue.
Method for determining the nitrite content
The nitrite content in the experimental groups: Control (n = 8), AA (n = 8) and EL 25, 50 and 75 (n = 8) was determined using the Griess reaction (Green et al., 1981) . Briefly, a 500 μl sample was incubated with 500 μl Griess reagent at room temperature for 10 min. It was read in a spectrophotometer at 560 nm. The results were expressed in nM.
Method for determining catalase activity
Catalase activity was measured in the experimental groups, control (n = 8), AA (n = 8), and EL 25, 50 and 75 (n = 8). The reaction medium was prepared with H 2 O 2 (18 ml) plus buffer Tris-HCl 1 mol/l, 5 nmol/l EDTA pH 8.0 (1.0 ml) and H 2 O (0.8 ml). It was placed in a quartz cuvette 980 μl of reaction medium plus 20 μl of the homogenate at 10%, prepared in sodium phosphate buffer 50 mM, pH 7.4. Finally, the reading was held for 6 min in a spectrophotometer at 230 nm. Blank was done, by reading the absorbance at 230 nm with only 1 ml of reaction medium (Chance and Maehly, 1955) . Protein concentration was determined by the method of Lowry et al. (1951) and the results were expressed in mmol/min/mg of protein.
Method for determining superoxide dismutase (SOD) activity
The hippocampal homogenates (10%) were centrifuged (800 g, 20 min) and the supernatants were used for testing the activity of superoxide dismutase (SOD) and catalase. The SOD activity in the control (n = 8), AA (n = 8), and EL 25, 50 and 75 (n = 8) was assayed by rate of reduction of cytochrome C by superoxide radicals, using the system xanthine/xanthine oxidase as a source of superoxide anion (O 2 − ) (Arthur and Boyne, 1985) . The results were expressed as U/mg of protein. One unit (U) of SOD activity corresponds to 50% inhibition of the reaction of O 2 with cytochrome C. The determination of the protein concentration used the method of Lowry et al. (1951) .
Statistical analysis
For statistical analysis, nonparametric results were analyzed by analysis of variance (ANOVA) for multiple comparisons and t-StudentNewman-Keuls as post hoc test by GraphPad Prism version 5.0 for Windows, GraphPad Software, San Diego, California, USA. Copyright© 1994-1999 by GraphPad software. Differences were considered statistically significant from p b 0.05. In addition, Pearson correlation coefficient was used to assess the relationship between the results of in vitro and in vivo antioxidant tests, as well as to evaluate the correlation between the behavioral parameter and oxidative stress markers in the marble burying test assay.
Results
Evaluation of in vitro antioxidant potential
4.1.1. Evaluation of (+)-limonene epoxide in vitro potential against the production of nitrite ion (NO 2 − ) Evaluation of (+)-limonene epoxide as NO scavenging substance was performed by its ability to remove nitrite ion (NO 2 − ) using Griess method. The results presented in Fig. 3 show that EL, at concentrations of 0.9, 1.8, 3.6, 5.4 and 7.2 μg/ml, was able to remove significantly the content of nitrite formed, with 54. 83, 60.74, 62.35, 62 .91 and 64.95% inhibition compared with NPS group, respectively. Trolox produced a significant decrease of 59.76% (Fig. 2) .
It was also possible to determine the 50% effective inhibitory concentration (EC 50 ) of (+)-limonene epoxide as 0.7342 μg/ml (r 2 = 0.8456), against the formation of nitrite ion with a margin of variation in the effective concentration from 0.3223 to 1.673 μg/ml with 95% confidence interval. In turn, Trolox (140 μg/ml) presented an EC 50 of 5.802 μg/ml (r 2 = 0.9200), against the formation of nitrite ion with 95% confidence interval (2.807 to 11.99 μg/ml). ). At the concentrations tested, (+)-limonene epoxide was able to remove the OH
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• radical significantly in 25.13, 27.14, 28.38, 31.99 and 36.38% when compared to the reaction system at concentrations 0.9, 1.8, 3.6, 5.4 and 7.2 μg/ml of (+)-limonene epoxide, respectively. Likewise, the Trolox used as positive control at concentration of 140 μg/ml inhibited the production of hydroxyl radical in 78.01% (p b 0.05) when compared to the reaction medium (Fig. 3) . After in vitro antioxidant tests, it was possible to establish an EC 50 of 1.296 μg/ml (r 2 = 0.9334) against the formation of hydroxyl radical, with a variation of 0.6283 to 2.672 μg/ml (range, 95% confidence). In turn, the Trolox showed an EC 50 of 5.288 μg/ml (r2 = 0.9742) against the formation of hydroxyl radical, with 95% confidence interval 2.988 to 9.356 μg/ml.
4.1.3. Evaluation of in vitro potential of (+)-limonene epoxide against production of thiobarbituric acid reactive species (TBARS) Lipid peroxidation was evaluated by the method of quantification of TBARS, which is a widely used test to estimate the peroxidation of lipids in cell membranes and biological systems. The results show that, all tested concentrations (0.9, 1.8, 3.6, 5.4 and 7.2 μg/ml) of (+)-limonene epoxide caused a significant decrease in the production of TBARS, compared to the group AAPH with inhibition 60. 41, 61.65, 62.17, 63.3, and 64.33% respectively. Trolox (standard drug) also reduced the observed parameter, showing 44.64% inhibition (Fig. 4) .
Using in vitro antioxidant test, it was possible to verify that the 50% inhibitory concentration (EC 50 ) of (+)-limonene epoxide is approximately 1.169 μg/ml (r 2 = 0.8339) against the formation of thiobarbituric acid reactive species (TBARS), with margin of variation in the effective concentration from 0.5565 to 2.455 μg/ml, with 95% confidence interval. In turn, the Trolox showed an EC 50 of 10.45 μg/ml (r 2 = 0.8660) against the formation of TBARS with 95% confidence intervals (4.953 to 22.06 μg/ml).
Evaluation of anxiolytic effect of (+)-limonene epoxide by the marble burying test (MBT) assay
Mice exhibit a spontaneous behavior of burying aversive materials present in their environment, such as objects, nasty food, and small predators, being characterized as a defensive behavior reflecting the anxiety state of the animals. The marble burying test (MBT) assay is characterized by evaluating the animal behavior in relation to attempt to bury potentially dangerous objects, and this behavior is reduced or suppressed by the action of anxiolytic drugs (Lapa et al., 2008) . Using the tests performed with EL group (25, 50 and 75 mg/kg), vehicle, diazepam, and ascorbic acid, a significant reduction in the number of buried marbles in groups treated with EL in doses of 25, 50 and 75 mg/kg was observed, compared to the other groups (vehicle, diazepam and ascorbic acid). However, a reduction of 92.31, 92.31, 84.62 and 53.85% in the animals treated with (+)-limonene epoxide at doses of 25, 50 and 75 mg/kg and diazepam can be observed compared to vehicle group (p b 0.05), respectively. It was also shown that pre-treatment with flumazenil reversed the effect of treatment with diazepam and (+)-limonene epoxide in three doses administered to the mice after the first and the last day of treatment compared to the groups treated with (+)-limonene epoxide and diazepam at doses of 25, 50 and 75 mg/kg (p b 0.05) (Fig. 5) .
Evaluation of in vivo antioxidant potential
Determination of the content of thiobarbituric acid reactive substances (TBARS)
The results of the effects of treatment with (+)-limonene epoxide in the lipid peroxidation in the hippocampus of adult mice are presented in Fig. 6 . In the group AA 250 (0.48 ± 0.03), a significant reduction in lipid peroxidation of 44.18% was observed, compared to vehicle (0.86 ± 0.06), in the hippocampus of adult mice (p b 0.05).
The (+)-limonene epoxide treatment with 25 mg/kg dose (0.64 ± 0.01) produced a significant reduction in lipid peroxidation of 25.58% when compared with vehicle group, and a significant rise of 33.33% when compared to ascorbic acid (AA 250). A significant reduction in (+)-limonene epoxide treated group with 50 mg/kg dose (0.59 ± 0.01) was also observed compared to the values of the vehicle group (31.39%) and the EL25 dose (7.81%), finding however a significant increase when compared to AA 250 (22.91%). In the group that received a 75 mg/kg dose (0.57 ± 0.02), a significant decrease was observed compared to the vehicle group (33.72%), EL 25 (10.93%) and EL 50 (3.38%) and a significant increase in group AA 250 (18.75%), respectively.
Determination of nitrite ion (NO 2
−
) content
The results of the effects of (+)-limonene epoxide in the content of nitrite (NO 2 − ) in the hippocampus of adult mice are presented in Fig. 7 . In the group of ascorbic acid (AA 250) (26.75 ± 1.20), a significant decrease in the content of 41.51% nitrite was observed compared to the vehicle group (45.74 ± 1.50) in the hippocampus of adult mice. In turn, the (+)-limonene epoxide treatment with 25 mg/kg (9.73 ± 0.38) produced a significant reduction of 78.72% when compared with vehicle group and 63.62% when compared to AA 250 group. A significant reduction in the group treated with (+)-limonene epoxide at a dose of 50 mg/kg (7.95 ± 0.18) was also observed compared to the values of the vehicle group (82.61%), AA 250 (70.28%), and EL 25 (18.29%). In the group that received 75 mg/kg (5.56 ± 0.29), a significant decrease was observed compared to the vehicle group (87.84%), AA 250 (79.28%), EL 25 (42 85%), and EL 50 (30.06%), respectively.
Determination of catalase activity
The results presented in Fig. 8 show that (+)-limonene epoxide, in the tested concentrations, was able to significantly increase in catalase activity, vehicle (16.85 ± 0.70) 
Determination of superoxide dismutase activity
The effect of treatment with (+)-limonene epoxide in superoxide dismutase activity in mice hippocampus was presented in Fig. 9 .
The results show that, at all tested doses (25, 50 and 75 mg/kg), (+)-limonene epoxide produces an increased superoxide dismutase activity compared to vehicle treated group (1.77 ± 0.04) EL25: 6.21% (1.88 ± 0.04) EL50: 7.34% (1.90 ± 0.07) EL75: 21.46% (2.15 ± .04). Ascorbic acid (AA 2.06 ± 0.01), the standard drug used, also increased the observed parameter compared to control 16.38% (1.77 ± 0.04) (p b 0.05). A significant reduction was observed when compared to results of superoxide dismutase activity groups EL25 and EL50 [EL25: 8.73% (1.88 ± 0.04) EL50: 7.76% (1.90 ± 0.07)] and an increase of 4.36% in the group EL75 (2.15 ± 0.04) when compared with positive control group (AA 250), respectively.
Discussion
The great interest in study of antioxidants is mainly due to effect of free radicals in the body. Oxidation is essential for aerobic life and, thus, free radicals are produced naturally. These molecules generated in vivo are involved in energy production, phagocytosis, regulation of cell growth, intercellular signaling and synthesis of important biological substances (Pereira et al., 2009) . The increase in free radical production can occur due to hyperoxia and exposure of cells or individuals to certain chemicals, radiation or local tissue inflammation, resulting in oxidative stress, characterized by imbalance between oxidants and antioxidants, in which free radicals occur predominantly (Haida et al., 2011) .
In studies of new molecules with antioxidant potential, the 50% effective concentration (EC 50 ) against the formation of free radicals is investigated , being therefore the sample concentration that gives a 50% inhibition of the formation of free radicals. It was calculated from the graph of percent inhibition (% I) in relation to concentration of the sample. Regarding EC 50 values, all concentrations and the controls should deplete the concentration of free radicals by 50% within 1 h. The lower the EC 50 represents, the higher antioxidant potential of the sample (Ahmadi et al., 2010) .
The results contribute to increase the knowledge about the antioxidant properties of (+)-limonene epoxide, since it has not been described yet, in the literature, values of EC 50 against hydroxyl radical (OH • ) formation, nitrite ion (NO 2 − ) and TBARS level for this terpenoid. One of the parameters evaluated was lipid peroxidation level, one of the major consequences of oxidative stress. It occurs in polyunsaturated fatty acids and starts with the radical OH
• , which captures a hydrogen atom from a methylene polyalkyl fatty acid carbon chain, and forms a radical. The fact that O 2 is more soluble in a non-polar than in polar medium allows biological membranes to have a high concentration of O 2 in medial hydrophobic region in which it has the potential to make large damage to polyunsaturated fatty acids of membrane (Reed, 2011) .
The (+)-limonene epoxide, in all concentrations tested, inhibited the amount of TBARS generated by AAPH reaction medium, indicating a protective effect against lipid peroxidation. This result suggests that (+)-limonene epoxide may exert an antioxidant protection in biomolecules such as phospholipids, triglycerides and polyunsaturated fatty acids, in vivo, which are lipid essentials for function of cell membrane and paracrine signaling. Similar results were obtained with Trolox, a synthetic analog of the hydrophilic α-tocopherol, which is widely used as a standard antioxidant. This result suggests that (+)-limonene epoxide may exert an antioxidant effect against lipid peroxidation. These results corroborate as found in in vivo test, which shows that in group treated with (+)-limonene epoxide, there was a significant reduction in lipid peroxidation level at all doses tested, indicating an antioxidant protection more significant than that produced by ascorbic acid used as standard.
In Pearson's correlation analysis of reduction of TBARS, a positive correlation (r 2 = 0.9988, p b 0.0307) was found between the results obtained by means of in vitro and in vivo tests. When Pearson coefficient r is between the values 0.5 and 0.8, it can be considered that the parameters involved are moderately correlated by linear function. When Pearson coefficient is greater than 0.8, it is estimated that strong linear correlation already exists between the parameters in question (Rodrigues, 2011) . In our study, strong positive correlation was determined. Thus, our in vitro results corroborate with in vivo experiments, suggesting that the antioxidant potential observed in vitro remains after oral administration in mice. Hydroxyl radical (OH •   ) is indicated as the species that has the larger reactive potential and an extreme instability (half-life = 10 −9 s). These characteristics enable the more conducive free radical in production of oxidative damages. Furthermore, it may be the main initiator of process of lipid peroxidation, resulting in change of biological function of cellular membranes. This radical is able to act on the proteins by altering them relative to their structure and/or biological function (Barbosa et al., 2010) . The (+)-limonene epoxide at all tested doses was able to significantly reduce the amount hydroxyl radical, suggesting thus a potential antioxidant. Production of nitrite (NO 2 − ) was measured. (+)-Limonene epoxide was able to significantly decrease the production of nitrite, demonstrating a significant decrease in the production of this ion by (+)-limonene epoxide during the spontaneous decomposition of nitric oxide (NO). This result suggests an antioxidant property that protects biomolecules such as cell membrane lipids by damage caused by free radicals derived from nitrogen. This confirms the in vitro results previously observed for TBARS and hydroxyl radical (OH • ) production. Nitric oxide is a signaling molecule involved in many physiological and pathological processes, including pain signaling and inflammation (Kawano et al., 2009) . Nitric oxide plays a role in various inflammatory processes. In addition, NO may be involved in neurogenesis of central nervous system diseases, being of paramount importance in search for new safe and effective antioxidants.
The experiments demonstrated the inhibitory effect of (+)-limonene epoxide on production of nitric oxide in vivo and in vitro, showing a significant decrease of this ion at all doses, when compared to positive controls, indicating that the (+)-limonene epoxide can be highly effective against the formation of reactive nitrogen species, taking into account that the terpenoid concentrations tested were approximately 37 times lower than the concentration of the positive control. Pearson correlation coefficient obtained shows a strong linear correlation (r 2 = 0.9207, p b 0.0255), between results obtained using the methodology in vivo and in vitro for determination of nitric oxide production.
After completion of the in vitro studies, it was possible to propose a mechanism of action for (+)-limonene epoxide with respect to their antioxidant potential against lipid radical, nitrite ion and hydroxyl radical formation, by sequestering these reactive species as shown in Fig. 10 .
The primary source for the formation of reactive oxygen species (ROS) is the increased influx of pyruvate and oxygen in mitochondria and the increased production of ROS (mainly superoxide) in oxidative processes in the electron transport chain. The first line of defense against oxidative damage are the endogenous enzyme antioxidants superoxide dismutase (SOD), catalase (CAT) and glutathione system, among them, glutathione reductase (GSH-Rd) and glutathione peroxidase (GSH-Px). There are also the non-enzymatic antioxidants that are lipid soluble (tocopherols, carotenoids, quinones and bilirubin) and water soluble (ascorbic acid, uric acid and proteins bound to metals) (Dallaqua and Damasceno, 2011) . The present study showed that the (+)-limonene epoxide was able to significantly increase superoxide dismutase and catalase activity, demonstrating a change in defense neuroprotective brain.
Superoxide dismutase (SOD) is a metalloenzyme that catalyzes the dismutation of O 2 radical. The less reactive compound, H 2 O 2 , can be degraded by enzymes GPx and CAT. The main forms of SOD of the biological system are: Cu/Zn-SOD and Mn-SOD. The Cu/Zn-SOD is the major isoform involved in the removal of superoxide anions from the cytoplasm and possibly also from the peroxisome, whereas the physiological function of Mn-SOD seems to protect mitochondria of superoxide generated during breathing (Halliwel and Gutteridge, 2007) .
Catalase is a cytoplasmic hemeprotein with NADPH dependent activity, which was catalyzed by reduction of H 2 O 2 to H 2 O and O 2 . This reaction is important since H 2 O 2 is harmful to cell due to their ability to attack the unsaturated fatty acid chains present in the membranes, and other macromolecules, such as proteins, as well as by HaberWeiss and Fenton reactions through the participation of iron and copper metals. This culminates in the generation of OH
• radical, against which there is no enzyme defense system. This enzyme is present in animals, plants, bacteria and fungi. It may be found in blood, bone marrow, mucosae, liver and kidney (Barbosa et al., 2010 ). An inverse relationship between the amount of hydroxyl radical reduction and the increased activity of antioxidant enzymes such as catalase (r 2 = 0.9673, p b 0.016) and superoxide dismutase (r 2 = 0.9663, p b 0.030), produced by (+)-limonene epoxide in vitro and in vivo, respectively. This suggests that the increased activity of these enzymes may contribute in vivo by reduction of the production of this radical. Furthermore, the antioxidant defense enzymes, as catalase and superoxide dismutase, peroxiredoxin has shown a significant reduction in lipid peroxidation products (Reed, 2011) . Thus, these results corroborate with literature and it can be suggested that upregulation of these antioxidant enzyme activity by (+)-limonene epoxide can prevent the hippocampus against lipid peroxidation.
The activity of these enzymes may provide protection against the neuronal damage involved in pathophysiology of neurodegenerative diseases (Freitas et al., 2005) . It has been shown that pretreatment with (+)-limonene epoxide, at all doses, resulted in an increase in activities of antioxidant enzymes in mice hippocampus. Given that SOD and CAT can be considered the most important endogenous enzymatic antioxidant defenses of the organism in combating free radical production, an increase in their activity suggests that (+)-limonene epoxide may have an antioxidant effect related to the modulation of enzymatic activity.
Particularly, brain constantly produces ROS in the absence of an efficient defense mechanism. These ROS can cause peroxidation of polyunsaturated fatty acids of membrane, causing neuronal damage (Campêlo et al., 2011a) . Brain is susceptible to peroxidation due to simultaneous presence of high levels of polyunsaturated fatty acids and iron, which is the target of free radical damage (Campêlo et al., 2011b) , and thus it is very important to investigate new sources of safe natural antioxidants, effective and cheaper with emphasis on industrial applications.
Besides evaluation of antioxidant potential and effect, and to corroborate these results, this study was initiated by marble burying test in animals treated with (+)-limonene epoxide. It is known that this test can be used for drug screening with anxiolytic properties. This test was carried out in order to initially monitor, for the first time in the literature, the relation of this monoterpenoid to oxidative stress and anxiolytic properties. This test was also done in an attempt to clarify (+)-limonene epoxide mechanism of action and to observe the interaction between the production of oxidative stress and performance of treated animals with (+)-limonene epoxide in burying test.
Trying to clarify the mechanism of action, animals of groups EL25, EL50 and EL75 were pretreated with flumazenil, a GABAergic antagonist, which reversed the effect of (+)-limonene epoxide in the number of marbles buried, suggesting that this compound and/or its active metabolite, produced by biotransformation, may have a mechanism of action on GABAergic system, confirming results of previous studies developed by Almeida et al. (2012) .
One of the characteristic behaviors of rodents, either in their natural habitat both in laboratory conditions, is called bury defensive (defensive-burying) that refers to the behavior of moving the material that covers the surface of the cage, with characteristic movement forelegs, so as to cover the localized sources of aversive stimulus or potential danger (Nicolas et al., 2006) . This behavior is also exhibited in the presence of seemingly harmless objects, such as marbles used in the behavioral test, which has led several authors to question the defensive nature of this behavior (Poling et al., 1981) .
Studies have shown that clinically effective anxiolytic drugs suppress the response of "active-avoidance", making the extent of this behavior as an index of anxiety in preclinical studies of neurobiology and pharmacology of this human emotion (Nicolas et al., 2006) . In this perspective the Marble-burying test is widely used for the analysis of anxious behavior in rats and mice, and recently to review the compulsive behavior associated with OCD (obsessive-compulsive disorder) (Jimenez-Gomez et al., 2011) .
Groups EL25, EL50 and EL75 performed better on the marble burying test in relation to groups treated with vehicle, diazepam and ascorbic acid. A reduction of free radicals and a positive modulation in activity of antioxidant enzymes, SOD and CAT in mice hippocampus treated with (+)-limonene epoxide were verified. These results corroborate studies in literature relating oxidative stress to various psychosocial disorders and neurodegenerative diseases (Salim et al., 2010 (Salim et al., , 2011 Marcolin et al., 2012) .
In order to complement this analysis, the Pearson correlation was performed and a positive relationship between the anxiolytic effect and the reduction of nitrite in mice hippocampus (r 2 = 0.9069, p b 0.040) was observed. Similarly, after the correlation was done, it was detected that associated with the anxiolytic effect in marble burying test, the (+)-limonene epoxide produces a significant decrease in content with thiobarbituric acid reactive species (r 2 = 0.9235, p b 0.047).
On the other hand, a weak positive correlation was detected between the anxiolytic activity of antioxidant enzymes SOD (r 2 = 0.9581, p b 0.018) and CAT (r 2 = 0.9487, p b 0.035). However, these results suggest that associated with anxiolytic effect, an increase in antioxidant activity that may contribute to its neuroprotective potential can be observed. This needs to be further investigated. Through these results it may be suggested that the anxiolytic effect may be related to reduction of oxidative stress, corroborating previous studies reported in the literature (Hovatta et al., 2010; Reckziegel et al., 2011) . Nevertheless, further studies should be related to check the state of phosphorylation and may be with or without the synthesis of new protein enzymes investigated in mice hippocampus treated with (+)-limonene epoxide.
